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Electric-Field Breakdown of Absolute Negative Conductivity and Supersonic Streams
in Two-Dimensional Electron Systems with Zero Resistance/Conductance States
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(Dated: November 13, 2018)
We calculate the current-voltage characteristic of a two-dimensional electron system (2DES) sub-
jected to a magnetic field at strong electric fields. The interaction of electrons with piezoelectric
acoustic phonons is considered as a major scattering mechanism governing the current-voltage char-
acteristic. It is shown that at a sufficiently strong electric field corresponding to the Hall drift
velocity exceeding the velocity of sound, the dissipative current exhibits an overshoot. The over-
shoot of the dissipative current can result in a breakdown of the absolute negative conductivity
caused by microwave irradiation and, therefore, substantially effect the formation of the domain
structures with the zero-resistance and zero-conductance states and supersonic electron streams.
PACS numbers: PACS numbers: 73.40.-c, 78.67.-n, 73.43.-f
Recently, two experimental groups [1, 2] have reported
the observation of vanishing electrical resistance in two-
dimensional electron systems (2DES’s) subjected to a
magnetic field and strong microwave radiation. The oc-
currence of the effect of the so-called zero-resistance (ZR)
and zero-conductance (ZC) states [1, 2, 3] has been linked
to the effect of absolute negative conductivity (ANC)
when the dissipative dc conductivity σ(E), determined
by the dark conductivity σd(E) and microwave photo-
conductivity σph(E), is negative [4, 5, 6]. As speculated,
the mechanism of ANC responsible for the occurrence of
ZR and ZC states is associated with the photon-assisted
scattering of electrons on impurities [7, 8, 9, 10, 11], al-
though alternative mechanisms, particularly the photon-
assisted interaction of electrons with acoustic phonons,
can be essential as well [12, 13, 14, 15]. It has long been
shown [7, 8] that the photon-assisted impurity scatter-
ing can result in a negative dissipative photoconductivity
σph(E) in the situations in question when the microwave
frequency Ω somewhat exceeds the cyclotron frequency
Ωc = eH/mc or its harmonics. According to the cal-
culations [7, 8], the dissipative microwave photoconduc-
tivity can be negative at sufficiently strong irradiation
at 0 < Ω − ΛΩc . eEL/~,Γ/~. Here e and m are the
electron charge and effective mass, respectively, c is the
velocity of light, E and H are the electric and magnetic
fields, L = (c~/eH)1/2 is the quantum Larmor radius, Γ
is the Landau level (LL) broadening, and ~ is the Planck
constant.
It is crucial for the explanations of ZR and ZC states,
invoking the concept of ANC, in a 2DES with both the
Hall bar and Corbino configurations that there is an elec-
tric field E0 at which σ(E0) = 0 [5, 6, 16, 17]. The mod-
ulus of the dissipative photoconductivity decreases with
increasing electric field when the latter becomes suffi-
ciently large [7, 8], namely, when E > Eb = max{~(Ω−
ΛΩc)/eL, Γ/eL}. Hence, one can expect that E0 is deter-
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FIG. 1: Schematic view of possible domain structures in 2DES
corresponding to (a) ZR states in the Hall bar configuration
and input current (Jy is the input current and Vy = 0 is the
measured voltage) and (b) ZC states in the Corbino geometry
(here Vy is the applied voltage). Arrows show directions of
the Hall current in different high-field domains.
mined by the resonance detuning and the LL broadening
with E0 > Eb. The characteristic field Eb is rather large.
Indeed, at the magnetic field H = 2 kG, assuming that
|Ω − Ωc|/Ωc = 0.25, we have Eb ≃ 20 V/cm. The esti-
mated values of Eb significantly exceed the average elec-
tric field 〈E〉 in the 2DES observed experimentally, which
is in the range 〈E〉 ≃ 3× (10−3− 10−1) V/cm depending
on the sample geometry. Taking into account the insta-
bility of uniform electric-field distributions at E < E0,
one can conclude (see, for example, Refs. [5, 6, 11]), that
in the case 〈E〉 ≪ E0, nearly periodic domain structures
are formed as shown in Fig. 1. In these domain struc-
tures, |Jy| = σHd|〈Ex〉| ≪ σHdE0, Jx = 0, and Ey = 0
in the Hall bar configuration, and |Vy| = d|〈Ey〉| ≪ dE0,
Jy = 0, and Ex = 0 in the Corbino samples. Here
σH is the Hall conductivity and d is the 2DES size. It
would appear reasonable that the shape of the domains
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FIG. 2: Intra-LL electron transitions with absorption and
emission of acoustic phonons and spatial shift of electron Lar-
mor centers δξ.
and their parameters, in particular the swing of the elec-
tric field, depend on the behavior of the current-voltage
characteristic, especially at E ≃ E0. Thus, mechanisms
providing ANC at low electric field are essential for the
instability of uniform states that, as a matter of fact,
result in the formation of the domains, whereas a mech-
anism providing the lowest value of E0 can substantially
govern the domain structure and, therefore, the observ-
able macroscopic characteristics.
The electric-field dependence of the net dissipative con-
ductivity can be determined not only by σph(E) but by
σd(E) as well. As shown in the following, the dark com-
ponent can be a steep function of the electric field result-
ing in the breakdown of ANC if σph(E) < 0. The con-
tribution of the electron-impurity interaction to σd(E)
results in a smooth electric-field dependence up to very
strong electric fields E > Ec = ~Ωc/eL [18, 19, 20] (see
also Ref. [11]). However, the contribution of the electron
scattering on acoustic phonons, being fairly small at low
temperatures and weak electric fields [13, 14, 21, 23], can
lead to a sharp overshoot of the dissipative current (con-
ductivity) at E ≃ Es = ~s/eL2, where s is the velocity of
sound. The point is that at E < Es, the selection rules
allow only the electron-phonon scattering events accom-
panied by the inter-LL electron transitions. Since the
energy of the acoustic phonons involved equals the LL
separation ~Ωc, and therefore is rather large, the num-
ber of such phonons at low temperatures is exponentially
small. This results in relatively small contribution of the
electron-phonon interaction to the dissipative dark cur-
rent (dissipative conductivity) at E < Es. In contrast,
at Es . E ≪ Ec, the intra-LL scattering transitions
can significantly contribute to the dissipative dark cur-
rent. Such transitions are schematically shown in Fig. 2.
This range of the electric fields corresponds to the elec-
tron Hall drift velocity vH = cE/H ≥ s. Assuming
s = 3 × 105 cm/s and H = 1 − 2 kG, one can obtain
Es ≃ 3 − 6 V/cm. A peculiarity of the electron trans-
port at E ≃ Es was pointed out previously, particularly
in connection with the breakdown of the quantum Hall
effect [21, 22, 23, 24, 25, 26, 27] (see also Refs. therein).
The dissipative dark current density jd(E) and, conse-
quently, the dissipative dark conductivity σd(E) = jd/E
of a 2DES in the case of the electron-phonon interactions
can be calculated using the following formula:
jd(E) = j1 + j2 =
∑
N 6=N ′
jN,N ′ +
∑
N
jN,N , (1)
where
jN,N ′ =
e
~
fN (1− fN ′)
×
∫
d3q qy |Vq|2|QN,N ′(L2q2⊥/2)|2
×{Nqδ[(N −N ′)~Ωc + ~ωq + eEL2qy]
+(Nq + 1)δ[(N −N ′)~Ωc − ~ωq + eEL2qy]}. (2)
Here fN and Nq, are the electron and phonon dis-
tribution functions, N = 0, 1, 2, ... is the LL index,
q = (qx, qy, qz), q⊥ = (qx, qy), and ωq = sq are the
phonon wave vector, its in-plane component, and the
phonon frequency, respectively, δ(ω) is the LL form-
factor determined by Γ, |Vq|2 = |C|2 exp(−l2q2z/2)/q
describes the electron interaction with piezoelectric
phonons, where l is the width of the electron local-
ization in the z-direction perpendicular to the 2DES
plane and |C|2 is a constant. At a strong localiza-
tion in the quantum well at the heterointerface, l ≪ L.
|QN,N ′(L2q2⊥/2)|2 = |PN
′−N
N (L
2q2⊥/2)|2 exp(−L2q2⊥/2))
is determined by the overlap of the electron wave func-
tions, and |PN ′−NN (L2q2⊥/2)|2 is proportional to a La-
guerre polynomial LN
′−N
N (L
2q2⊥/2).
In the range of moderate electric fields (much smaller
than Ec), the contribution of the electron scattering on
acoustic phonons accompanied by the inter-LL transi-
tions can be presented as [12]
j1 ≃ σ1E, (3)
σ1 = µ1
(
~s
TL
)(
s
LΩc
)
exp
(
−~Ωc
T
)
exp
(
− l
2Ωc
2s2
)
, (4)
where µ1 ∝ |C|2
∑
N fN (1 − fN+1)/
√
N and T is the
temperature (in energy units). The quantity j1 remains
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FIG. 3: Dissipative dark current-voltage characteristics for
different magnetic fields. The dashed curve corresponds to
the LL broadening Γ/~Ωc = 0.01. Inset shows net current-
voltage characteristic at microwave irradiation.
small up to very large electric fields [23] (as in the case
of elastic impurity scattering [18, 20]) E ≃ Ec.
As for j2 corresponding to the electron scattering on
acoustic phonons accompanied by the intra-LL transi-
tions, it equals zero at E < Es = ~s/eL
2 because the
scattering selection rule ~ωq = eEL
2qy is not met at low
electric fields. At E ≥ Es, considering Eqs. (1) and (2),
we obtain
j2 =
e|C|2
~2s
∑
N
fN (1− fN )
∫
dΦ sinΦdq dq⊥
q2⊥√
q2 − q2⊥
× exp(−l2q2/2) exp[(l2 − L2)q2⊥/2]|L0N(L2q2⊥/2)|2
×[Nqδ(q + Fq⊥ sinΦ) + (Nq + 1)δ(q − Fq⊥ sinΦ)]. (5)
Here F = eEL2/~s = cE/sH and sinΦ = qy/q⊥. In
contrast to Ref. [25], we will focus on the case of large
filling factors corresponding to the experimental condi-
tions [1, 2, 3], i.e., the case ζ ≫ ~Ωc, where ζ is the Fermi
energy reckoned from the lowest LL. In this case, the LL’s
with large N yield the main contribution (with N = Nm
and N = Nm + 1, where ζ/~Ωc ≤ Nm < ζ/~Ωc + 1).
When N ≫ 1, |L0N(L2q2⊥/2)|2 ≃ J20 (
√
2NLq⊥) ≃
2 cos2(
√
2NLq⊥ − pi/4)/pi
√
2NLq⊥, where J0(z) is the
Bessel function. Taking this into account, after integrat-
ing over q Eq. (5) can be reduced to
j2 =
µ2~s
2eL
∫
dΦ sinΦdq⊥
exp[−l2(F 2 sin2Φ− 1)q2⊥/2]√
F 2 sin2Φ− 1
× exp(−L2q2⊥/2) cos2[
√
2NLq⊥ − pi/4]. (6)
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FIG. 4: Peak value of dark current vs magnetic field at dif-
ferent temperatures (20 ≤ ζ/~Ωc ≤ 100).
Here µ2 ∝ |C|2
∑
N fN (1 − fN )/
√
N . One can see that
the phonon distribution function is excluded from the ex-
pression for the dissipative current. This is because the
contributions of the processes of the stimulated emission
of phonons and their absorption compensate each other
in the intra-LL transitions (see Fig. 2). Further inte-
gration in the right-hand side of Eq. (6) over q⊥ and Φ
yields
j2 =
√
piµ2~s
2
√
2eL2
∫ √F 2−1/F
0
d cosΦ√
(F 2 − 1)− F 2 cos2Φ
× 1√
1 + a2(F 2 − 1)− a2F 2 cos2Φ ≃
pi3/2µ2~s
25/2eL2
1
F
(7)
with a = l/L≪ 1.
Taking into account Eqs. (1), (3), and (7), we arrive
at the following current-voltage characteristic:
jd(E) = σ1E +
pi3/2µ2
25/2
E2s
E
Θ(E − Es), (8)
where Θ(E) is the unity-step function, which in the
case of marked LL broadening should be replaced by a
smoother function. Figure 3 shows the dark current-
voltage characteristics calculated using the above for-
mulas. It exhibits a pronounced overshoot of the dark
current. The electric-field dependence of the dissipative
conductivity (with a jump at E ≃ Es) similar to that
following from Eq. (8) was recalculated from the exper-
imental data at rather strong magnetic field [28] and,
consequently, proportionally large Es (see also Ref. [29]).
As follows from the obtained expressions, the dissi-
pative current at E > Es depends on the temperature
only via the factor µ2. This factor provides a nontrivial
dependence of the dissipative conductivity, particularly
at its peak magnitude, on the magnetic field. Figure 4
shows the peak value (at E = Es) of the dissipative cur-
rent as a function of the magnetic field. The pronounced
4oscillations in Fig. 4 are akin to the Shubnikov-de Haas
oscillations.
The relative height of the current overshoot is given by
j2
j1
∣∣∣∣
E=Es
≃
(
µ2
µ1
)(
T
ms2
)
exp
(
~Ωc
T
)
≫ 1. (9)
The ratio µ2/µ1 varies with the magnetic field because
the LL filling factor depends on the LL positions with
respect to the Fermi level. However, when T < ~Ωc, the
product (µ2/µ1) exp(~Ωc/T ) ≫ 1 at all values of (ζ −
Nm~Ωc). The parameter T/ms
2 exceeds unity at T >
50 mK.
A sharp increase in the dissipative current at E = Es
can also occur due to the electron interaction with in-
terface acoustic phonons. In this case, owing to spe-
cific electron-phonon scattering selection rules [30], the
dissipative current can reveal even sharper overshoot at
E = Es.
Because of a strong overshoot of the dissipative dark
current at E = Es, the net dissipative conductivity of
a 2DES irradiated with microwaves can change its sign
at E0 ≃ Es. The net current voltage characteristic of a
2DES under microwave irradiation with σph < 0 (associ-
ated, for example, with the photon-assisted scattering on
impurities) is shown schematically in the inset in Fig. 3.
The latter characteristic corresponds to an abrupt change
in the sign of the net dissipative conductivity, i.e., the
breakdown of ANC, at E0 ≃ 3 V/cm. A sharp transition
from σ(E) < 0 at E < E0 ≃ Es to σ(E) > 0 when E
exceeds Es can significantly influence the domain struc-
tures resulting in ZR and ZC states. The remarkable
feature of these domain structures is that the regions,
where Ex > Es in the Hall bar configuration or Ey > Es
in the Corbino samples, shown in Fig. 1 by the shaded
“lanes” with arrows, are sources of the acoustic phonons
generated by the electron streams with supersonic Hall
drift velocities. The generation of acoustic phonons by
these streams can lead to a pronounced deviation of the
phonon system from equilibrium. This, in turn, can affect
the values and sign of the dissipative conductivity [15].
Worth noting the feasibility of formation of stable ZR
states at relatively large currents. These states can corre-
spond to 〈Ex〉 ≃ ±E0 when the electric-field distributions
are nearly uniform. The states in question can be formed
when Jy ≃ ±J0 = ±σHdE0. Taking into account that
σH = ecΣ/H , where Σ is the electron sheet concentra-
tion, and assuming E0 = Es, one can obtain J0 ≃ esdΣ.
The quantity J0 is by two orders of magnitude larger than
the currents in ZR states observed experimentally. The
states with smooth electric-field distributions can arise
in the Corbino samples at the applied voltage Vy ≃ ±V0
with V0 = dE0 ≃ ±dEs. If d = 0.25 cm, at H = 1 kG one
obtains V0 ≃ 0.75 V. Due to the absence of dissipation,
the Joule heating can be disregarded despite relatively
large values of the current (applied voltage).
In summary, we calculated the electric-field depen-
dence of the dissipative dark current associated with the
scattering of electrons on acoustic phonons in a 2DES
subjected to a magnetic field. The obtained current-
voltage characteristic exhibits a strong overshoot at a
certain electric field. This field corresponds to the Hall
drift velocity equal to the speed of sound. The over-
shoot of the dark component of the dissipative current
can suppress the negative microwave photoconductivity
(breakdown of ANC) in the regions with high electric
field, where supersonic electron streams occur, and af-
fect the formation of domain structures with the zeroth
resistance/conductance.
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